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Abstract 
In this paper, we describe the fabrication and characterization of a front-side micromachined thermopiles 
consisting of a suspended membrane and a carbon nanotube (CNT) film absorber. Thermocouples of 52 pairs which 
are composed of phosphorous-doped silicon and aluminum were formed and connected in series. A CNT film 
collected by filter was transferred on hot junction. A CNT absorber has an absorptance of about 50% in the mid-
infrared region. The suspended membrane was fabricated by an isotropic silicon dry etching process with XeF2 gas 
at the front side of the substrates. The output voltage with the CNT film is found to be 250.2 mV at 7 mW of 
incident power, approximately 1.8 times higher than that of one without an absorber.  
 
© 2009 Published by Elsevier B.V. 
PACS: Type pacs here, separated by semicolons ;  
 
1. Introduction 
Today, the most thermopile detectors are fabricated on silicon wafer by MEMS technologies. These technologies 
mask possible a minimized structure and CMOS integration with low cost [1,2]. The MEMS-based thermopile 
consists of IR absorber, series-connected thin-film thermocouples and membrane. In structure of thermopile, 
infrared absorber layer is important because of determining sensitivity of sensor, which converts infrared into heat. 
Many researchers have studied variety absorber materials [3-5]. The representative absorber materials are a platinum 
and gold such as precious metal. But these materials are difficult to be applied on thermal sensors due to relatively 
high cost and bad adhesion compare with others. Also, the porous metal blacks, such as platinum-black, have 
characteristics of absorption decreasing with increasing wavelength. Another absorption layer is the quarter 
wavelength structure which absorbs the incident radiation by destructive interference. This structure is composed of 
three layers, metal-dielectric-metal film. The advantage of quarter wave absorber can be tuned at the center 
wavelength of the required band by varying the thicknesses of the dielectric layers in the absorber structure. But, the 
quarter wave absorber structure has a higher thermal capacity and a complex fabrication process. In order to solute 
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these problem, a CNT film can be adopted as absorber layer. The CNT films with a porous surface are known to 
have extremely high thermal conductivity and low thermal mass compare with others [6]. 
For thermal isolation between hot and cold junction, thermopile has been used membrane structure. The closed 
membrane is used in most commercial thermopile detectors, which is fabricated by backside anisotropic etching 
process with KOH and TMAH solutions. But these processes are strong dependence on equipment, and wastes 
estate at silicon rim. Instead of backside etching, front-side etching process is able to solve such problems. Front-
side etching has been attempted by wet chemical solutions and gas phase. However wet chemical etching is difficult 
to protect a front-side compare with dry-etching process. A xenon difluoride (XeF2) is fully compatible in 
conventional CMOS processes and has a high selectivity for silicon. Therefore various materials can be used for the 
protection layer such as photoresist. It etches silicon by only exposure to gaseous XeF2 at room temperature without 
plasma. 
In this paper, the thermopile consisting of a suspended membrane and a CNT film absorber was fabricated and 
tested. To enhance infrared absorption a CNT film absorber are adopted. The suspended membrane structure was 
fabricated using the XeF2 isotropic dry-etch process in place of wet chemical etching.  
 
2. Experimental details 
 
2.1 CNT absorber preparation 
The CNT filter was prepared with the following procedures [7]:  A raw CNT soot was ultrasonically dispersed in 
N-dymethy-formanide (DMF) (3 mg : 150 ml) and subsequently ultra-centrifuged (at 20000 g) for 30 min. The 
supernatant solution was decanted and the solid was again redispersed in DMF for a further purification cycle. The 
decanted CNT suspension was only used to prevent from aggregating. The suspension was filtered with aluminum 
oxide membrane (the pore size was 0.45um) under a vacuum condition. 
 
2.2 Thermopile fabrication 
The fabrication process starts with the low pressure chemical vapor deposition for low-stress silicon nitride layers 
with 0.8 ȝm onto a (100) silicon substrate to be used as a supporting membrane for the devices. Subsequently, 0.5 
ȝm thick polysilicon was deposited on a silicon nitride layer. Then n-type impurities were doped into polysilicon 
film by POCl3 gas and the polysilicon was patterned by using photolithography and reactive ion etching processes 
(RIE). After that, 0.4 ȝm thick aluminum film was deposited by a sputtering system at approximately 200 W and 
base pressures of 1 × 10í7 Torr and annealed for 30 minutes at 400 ºC for low contact resistance. To insulate 
thermocouples from CNT film absorber, the SiO2 film was deposited using a PECVD system at 200 °C and 300 W 
R.F. power. The base pressure was 1 × 10í2 Torr. The prepared CNT films with the thickness of 1 ȝm were 
transferred onto the hot junction of thermopile, and the O2 plasma etching process was performed. Finally, for the 
formation of the suspended membrane, the isotropic etching was carried out by using XeF2 for 60 min. Fig. 1 shows 
schematics of thermopile fabrication processes and a simplified cross-sectional view of the thermopile with CNT film 
absorber. 
 
 
 
 
Fig. 1. A simplified cross-sectional view of the thermopile with CNT film absorber 
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Fig. 2 shows SEM images of the thermopile sensor before transfer of CNT film absorber. It is seen that a 
thermopile sensor device was successfully released from bulk silicon substrate with XeF2 etching process. In order 
to isolate hot junction, many open hole with diameter of 15 ȝm is bored. And each thermocouple is placed between 
rectangular openings with edge of circle to prevent from concentrating stress. The width of n-type polysilicon and 
aluminum are 10 ȝm and 3 ȝm, respectively. And the released depth is 27 ȝm. 
 
 
 
 
Fig. 2. SEM images of the thermopile infrared sensor before transfer of CNT film absorber. 
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3. Results and discussion 
 
3.1 CNT film absorption layer  
 
The CNT film thickness is defined by the decanted volume of CNT suspension, and to control a thickness the CNT 
suspension of 5 ml was filtered by vacuum filtration. Fig. 3 shows the AFM image of a transferred CNT film and 
line profile at 10 ȝm × 10 ȝm scale and the SEM image of top-view of CNT film. The line profile (AA') of the AFM 
image reveals a transferred CNT film thickness of about 0.1 ȝm. The surface morphology of the CNT film layer has 
a fairly porous structure as can be clearly seen in Fig. 3 (b). 
 
 
(a) 
 
(b) 
Fig. 3. (a) the AFM image of CNT film and line profile (10um × 10um scale), (b) the SEM image of top-view of 
CNT film absorber. 
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The transferred CNT films need a etch process due to removing unnecessary area. The CNT film was patterned by 
using photolithography and O2 plasma etcher at 30 sccm and 30 W rf power. The CNT film thickness by O2 plasma 
etching time is shown in Fig. 4. The CNT thickness dramatically decreases with increase in etching time, but the 
decreasing CNT thickness reveals linear over 60 sec. Because of the porous surface of CNT film the thickness 
significantly decrease under 60 sec. Fig. 4 (b) shows a well-defined CNT film by O2 plasma etching process.The IR 
absorptance spectrum of the CNT film was obtained from using a FT-IR spectroscopy. Fig. 5 depicts the absorption 
spectrum of the CNT film with a thickness of 1 ȝm. A transferred CNT film has an absorptance of over 50% in the 
mid-infrared region. 
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Fig. 4 The CNT film thickness by O2 plasma etching time and etched CNT film. 
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Fig. 5. Measured reflectance spectrum for the CNT film absorber. 
 
 
3.2 Front-side etching  
The etching condition must be decided because XeF2 gas has isotropic properties. A correlation between lateral 
release length and etch hole diameter is important for performing the release etch without breaking. Fig. 6 (a) shows 
the lateral release length as a function of opening diameter. The each sample is carried out for 60 min. The release 
length is found to increase with hole diameter from 2 ȝm to 40 ȝm, but shows the saturation tendency to 15.5 ȝm 
over the diameter of 40 ȝm, which indicates that the gas is able to diffuse into etch cavity, react and diffuse the 
reaction products back out with relatively little inhibition. The release length/opening hole diameter ratio for the 
different openings, on the other hand, are found to significantly decrease with an increasing the hole size. These 
results are important on one side of efficiency because the release length is not increase but also decrease. Therefore, 
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to etch extensive area, the many small openings is more efficient than the large one. Due to each thermocouple has a 
width of 15 ȝm, the opening size of 15ȝm at 1:1 ratio is suitable. Fig. 6 (b) shows the SEM image for different 
opening size. 
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(a) 
 
 
(b) 
Fig. 6. (a) the lateral release length as a function of opening diameter, (b) the SEM image for different opening size. 
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3.3 The output of thermopile  
 
Fig. 7 shows the relationship between the measured output voltage and the calculated incident power. For a 
thermopile with a CNT film absorber, the output voltage was found to be 250.2 mV at incident power of 7 mW, 
approximately 1.8 times higher than that of one without an absorber. This increase in output voltage is due to the 
CNT film absorber. The sensitivity, which is defined by S=Vout/Pin where Pin is the incident power, was found to be 
36.3 mV/W between 0.2 and 7 mW, and the average sensitivity of each thermocouple was calculated as 698 ȝV/W. 
In order to determine a normalized detectivity, D*, which is defined as D*=(Adǻf)1/2/NEP where Ad is the absorption 
area in the hot junction and ǻf is frequency bandwidth, we assume that Jonshon noise is a major noise source. Hence, 
NEP is defined by Vj/R where Vj is Jonshon noise and R is the thermopile resistance. The normalized detectivity was 
calculated as 0.44 × 108 cm¥Hz/W using a resistance of 100 kȍ.  
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Fig. 7. The measured output voltages of thermopiles. 
 
4. Conclusions 
 
We describe the fabrication and characterization of a front-side micromachined thermopiles with CNT film 
absorber. A transferred CNT absorber from buckypaper has an absorptance of over 50% in the mid-infrared region. 
A thermopile sensor device was successfully released from bulk silicon substrate with XeF2 etching process. The 
output voltage with the CNT film is found to be 250.2 mV at 7 mW of incident power, approximately 1.8 times 
higher than that of one without an absorber. The sensitivity was found to be 36.3 mV/W between 0.2 and 7 mW and 
the average sensitivity of each thermocouple was calculated as 698 ȝV/W. The normalized detectivity was 
calculated as 0.44 × 108 cm¥Hz/W using a resistance of 100 kȍ. 
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